Abstract: The autonomic nervous system (ANS) is a brain body interface which serves to maintain homeostasis by influencing a plethora of physiological processes, including metabolism, cardiorespiratory regulation and nociception. Accumulating evidence suggests that ANS function is disturbed in numerous prevalent clinical disorders, including irritable bowel syndrome and fibromyalgia. While the brain is a central hub for regulating autonomic function, the association between resting autonomic activity and subcortical morphology has not been comprehensively studied and thus was our aim. In 27 healthy subjects [14 male and 13 female; mean age 30 years (range 22-53 years)], we quantified resting ANS function using validated indices of cardiac sympathetic index (CSI) and parasympathetic cardiac vagal tone (CVT). High resolution structural magnetic resonance imaging scans were acquired, and differences in subcortical nuclei shape, that is, 'deformation', contingent on resting ANS activity were investigated. CSI positively correlated with outward deformation of the brainstem, right nucleus accumbens, right amygdala and bilateral pallidum (all thresholded to corrected P < 0.05). In contrast, parasympathetic CVT negatively correlated with inward deformation of the right amygdala and pallidum (all thresholded to corrected P < 0.05). Left and right putamen volume positively correlated with Additional Supporting Information may be found in the online version of this article. CVT (r 5 0.62, P 5 0.0047 and r 5 0.59, P 5 0.008, respectively), as did the brainstem (r 5 0.46, P 5 0.049). These data provide novel evidence that resting autonomic state is associated with differences in the shape and volume of subcortical nuclei. Thus, subcortical morphological brain differences in various disorders may partly be attributable to perturbation in autonomic function. Further work is warranted to investigate these findings in clinical populations. Hum Brain Mapp 39:381-392, 2018.
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INTRODUCTION
The autonomic nervous system (ANS) is a bidirectional brain-body interface that serves to integrate changes in the external environment with the internal milieu and maintain homeostasis. Comprising of two broadly opposing arms, the sympathetic (SNS) and parasympathetic nervous systems (PNS), the functions of the ANS are considerable, spanning from metabolic control to cardiorespiratory regulation and pain processing [Farmer et al., 2014b] . While it is well documented that the brain is the central hub for the regulation of autonomic function, the use of neuroimaging to investigate the association between brain morphology and autonomic function, not least with advanced neuro-analytical techniques, is far from comprehensive.
The main branch of the PNS is the vagus nerve. Although the vagus is predominantly composed of afferent nerves, the efferent arm is postulated to play a pivotal role in modulating visceral nociception [Botha et al., 2015] , gastrointestinal motility [Frokjaer et al., 2016] cardioregulation [Bonaz et al., 2013] , and inflammation [Bonaz et al., 2016; Matteoli et al., 2014] . Similarly, the SNS, due to its multiple interactions with the peripheral and central nervous system, may also influence peripheral inflammation and nociception [Schlereth and Birklein, 2008] .
Advances within autonomic neuroscience have facilitated the development of many techniques to quantitatively assess autonomic function, such as the evaluation of heart rate variability (HRV). Amongst such measurements to objectively quantify SNS and PNS activity are the cardiometrically derived parameters, referred to as cardiac sympathetic index (CSI) and cardiac vagal tone (CVT) respectively. In contrast to the traditional derivation of autonomic activity, such as by HRV, both CSI and CVT yield superior temporal resolutions and have been associated with multiple neurophysiological functions, including pain processing and the neuro-endocrine-immune axis [Denver et al., 2007; Farmer et al., 2014b; Ruffle et al., 2017] . Moreover, abnormal resting SNS and PNS activity has been reported in a number of clinical disorders such as functional chest pain [Hoff et al., 2016] , irritable bowel syndrome (IBS) [Spaziani et al., 2008] , inflammatory bowel disease [Bonaz et al., 2013] , fibromyalgia [Mart ınez-Mart ınez et al., 2014] , Ehlers-Danlos syndrome [De Wandele et al., 2014] and diabetes mellitus [Vinik et al., 2003] .
Similarly, developments in neuroimaging analytical methods, using Bayesian vertex analysis, have facilitated the investigation of shape differences across subcortical nuclei depending on a given variable (referred to as 'deformation'), which do not purely encompass volumetric delineation [Patenaude et al., 2011] . For example, this novel technique has provided insights into the effect of diabetes mellitus and psychosis on the shape of subcortical structures [Dean et al., 2016; Zhang et al., 2016] . This is in contrast to the reductionist approach offered by more basic morphological analyses which reduces a complex brain region to a mere volume. Furthermore, Patenaude et al. suggest that this Bayesian shape analysis modality avoids many limitations of pre-existing structural neuroimaging preprocessing, including the lack of dependency on tissue classification methods and smoothing processes [Patenaude et al., 2011] .
To date, no studies have investigated the link between resting autonomic indices and subcortical nuclei shape, despite evidence that subcortical regions influence autonomic control [Bonaz et al., 2016; Farmer et al., 2013a; Park and Thayer, 2014] . As no studies have directly investigated how resting CSI and CVT relate to subcortical brain volume or shape, we thus aimed to address this knowledge gap. We hypothesized that subcortical nuclei would significantly differ in shape based upon resting CSI and CVT, while they may not differ in terms of total regional volume.
MATERIALS & METHODS

Subjects
Twenty-seven subjects [14 male and 13 female; mean age 30 years (range 22-53); all right handed] were recruited by local advertisement. Subjects were asked to refrain from alcohol and caffeine consumption in the preceding 24 h before the study to limit exogenous confounders of resting autonomic indices [Hibino et al., 1997; Volkman et al., 2015] . All subjects were screened for subclinical anxiety and depression by means of the Hospital Anxiety and Depression Scale [Zigmond and Snaith, 1983] , and were excluded if a score of 8 was recorded to prevent an anxiety-related confound on vagal tone [Chen et al., 2012; Kollai and Kollai, 1992] . The study was approved by the Queen Mary, University of London ethics committee (ref CREC/07/08-7) and all subjects were modestly remunerated and provided written consent prior to taking part in the study. This study utilized data that were previously acquired by our group [Farmer et al., 2013a; Ruffle et al., 2015b] .
Autonomic Meaures
Electrocardiogram (ECG) electrodes (Ambu Blue Sensor P, Denmark) were placed at the cardiac apex, left and right sub-clavicular areas of each subject for electrical signal acquisition. Subsequently, ECG readings were digitally recorded using a biosignals acquisition system (Neuroscope, Medifit Instruments, Enfield, Essex, UK) at 5 kHz. Autonomic parameters were recorded as per international recommendations [European Society of Cardiology, 1996] . For each subject, mean digital arterial blood pressure (MBP) was measured noninvasively using a validated photoplethysmographic technique (Portapres, Amsterdam, Netherlands) [Benarroch et al., 1991; Eckert and Horstkotte, 2002] .
Sympathetic nervous system: Cardiac sympathetic index
Resting SNS activity was quantified by means of CSI [Farmer et al., 2013b] . To undertake this, first R-R interval data was extracted from ECG recordings and were hand edited to remove any missed, or extra beats, as per accepted recommendations as these can otherwise result in large artefacts [European Society of Cardiology, 1996] . Subsequently, R-R data was transferred to the Cardiac Metric Program (CMet, University of Arizona, AZ), which calculates the validated Toichi's cardiac sympathetic index [Toichi et al., 1997] . CSI is a numerical ratio of R-R intervals and thus has no units.
Parasympathetic nervous system: Cardiac vagal tone
Resting efferent PNS activity was determined by CVT, and is described in detail elsewhere [Farmer et al., 2014b] . In brief, to quantify resting vagal tone in each subject, the incoming QRS complex is compared to a unique template, generated from the initial ECG acquisition stages of the individual. If the QRS complexes are sufficiently comparable, voltage gated oscillators within the Neuroscope generate a 1 mV pulse, which feeds to a two-limb circuit, consisting of a high-pass and low-pass limb. The highpass limb precisely follows the incoming QRS signal, while the low-pass limb produces a damped rendition [Little et al., 1999] . Therefore, the lesser the delta change of an incoming signal, that is to say the lower the HRV, the closer the low-pass limb will mimic that to the high-pass, resulting in a lower value. In contrast, the greater the HRV the more the low-pass limb will deviate from its high-pass counterpart, resulting in a higher value. This phenomenon is referred to as 'phase shift demodulation', and is uniquely based upon noninvasive measures of PNS tone. CVT is measured on a linear vagal scale (LVS), where a value of 0 is derived from fully atropinized healthy human volunteers [Julu, 1992; Julu and Hondo, 1992] . CVT has been demonstrated to closely correlate (r > 0.75, P < 0.0001) with more traditional measures of HRV, including those derived from frequency domain analysis [Brock et al., 2017] .
All subjects were studied in the afternoon (between 14:00 and 16:00) in a temperature controlled (20-228C), constantly lit, quiet laboratory. Female participants were only studied during the follicular phase of their menstrual cycle, so as to limit for menstrual period and hormonal confounds previously documented in studies of resting autonomic activity [Brar et al., 2015] . Subjects were reclined at 458 on a bed. After attachment of all autonomic recording apparatus, a 20-minute period ensued whereby each subject was told to 'rest' during which baseline CSI and CVT were derived. Previous studies have shown baseline autonomic function, including CVT, to be highly reproducible over time [Kano et al., 2014] , and thus mean CSI and CVT values were derived from this resting period and their relationship to structural brain scans were explored.
Structural MRI Data Acquisition
Magnetic resonance imaging (MRI) data were acquired using a General Electric SIGNA HDx 3.0 Tesla scanner, fitted with an 8-channel, phased-array receive-only head coil, located at the Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology & Neuroscience, King's College London. Head movement was minimised by application of foam padding within the head coil. High resolution T1-weighted 3D FSPGR structural scans were acquired in sagittal orientation using the following parameters: repetition time (TR) 7.02 ms; echo time (TE) 2.82 ms; inversion time (TI) 450 ms; slice thickness 1.1 mm; field of view 280 mm; flip angle 208; spatial positions 196; image matrix 256 3 256 3 196 voxels; in plane voxel dimensions 1.1 3 1.1 3 1.1 mm.
Structural MRI Preprocessing
MRI preprocessing was undertaken using the FMRIB Software Library (FSL) analysis package (version 5.09, http://fsl.fmrib.ox.ac.uk/fsl) [Smith et al., 2004] . Raw structural MRI images were first carefully manually reviewed, to check for signal and image artefact that may otherwise confound findings. Following this, vertex (shape) and volumetric analyses were performed using FSL-FIRST r Subcortical Morphology & Autonomic Function r r 383 r 5.0, a Bayesian modelling analytical toolkit developed for segmentation, shape and volumetric analysis of subcortical brain regions (see [Patenaude et al., 2011] ) ( Fig. 1 ; Supporting Information Movie 1; also see http://fsl.fmrib.ox.ac.uk/ fsl/fslwiki/FIRST/UserGuide). First, the software package utilises the FSL brain extraction tool (BET), which removes outlying skull and cerebrospinal fluid (CSF) that may otherwise confound image data. Following this, FSL-FIRST permits the segmentation of each subject's structural scan into 15 subcortical structures, comprising the bilateral nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen and thalamus, along with the brainstem in its entirety. Segmented structures were registered to the Montreal Neurological Institute (MNI) 152 1 mm template for high resolution analysis with control for total brain volume. All segmentations were manually reviewed for error prior to analytical use. The segmented brainstem data of one subject was rejected on the grounds of segmentation error. Each resultant subcortical nuclei file was concatenated to a single 4D structural file (1 volume per subject) to permit statistical analysis. In addition to vertex-wise analysis, subcortical volume analysis was conducted by extracting subcortical volumes using FSL-STATS. This resulted in a volumetric count, in mm 3 , for each of the 15 subcortical regions for all subjects.
Data Analysis
Statistical analysis of structural MRI data
Linear contrast analyses were performed using the FSL-RANDOMISE statistical software, a permutation inference method that is currently described as the optimum statistical analysis method for vertex-wise analysis of structural data [Winkler et al., 2014] . Using a general linear model (GLM) we investigated potential linear correlations between preprocessed FSL-FIRST subcortical vertex data and both resting CVT and CSI at the individual level (both positive and negative association). Both age and gender were added as demeaned covariates to limit confounds on both nuclei structural morphology, as well as total brain volume and the remaining resting autonomic index not investigated for the particular GLM (i.e., when investigating for CVTassociated structural changes, CSI was added as a covariate and vice versa) [Farmer et al., 2014b; Mumford et al., 2015] . The total number of permutations was automatically calculated by the FSL-RANDOMISE software, and was deemed to be 5,040, with family-wise error (FWE) correction methods additionally employed as per the FSL-FIRST user guidelines (see http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST/ UserGuide). Two-dimensional threshold free cluster enhancement (TFCE) correction was also used, as per guidelines. This method produces a vertex map for each subcortical region of t statistics at the voxel level which can then be thresholded to a given value of alpha. A statistical threshold of P < 0.05 was applied for the criterion of statistical significance, and only TFCE corrected results are reported herein.
Statistical analysis of demographic & autonomic data
Data distribution of CVT and CSI were analyzed using the D'Agostino-Pearson omnibus K2 normality test and visual inspection of histograms [D'Agostino and Stephens, 1986] . Dependent on this outcome, data are presented either as mean 6 standard deviation (SD) for parametric data, or median with interquartile range (IQR) for nonnormally distributed data. Correlational analyses were performed using Pearson or Spearman's coefficient as appropriate. All tests were two-tailed, with P < 0.05 adopted as the criterion for statistical significance. Statistical analyses were performed using MATLAB (version 2016a, uk.mathworks.com) and GraphPad Prism (version 6.00, GraphPad Software, La Jolla CA, www.graphpad.com).
RESULTS
Demographic & Autonomic Data
The mean age of the cohort was 30 years (range 22-53), and consisted of 14 male and 13 female subjects (Table I) . Mean 6 standard deviation resting heart rate was 68 6 10.65 beats per minute. Mean resting systolic blood pressure was 139 6 34.70 mm Hg, while mean diastolic blood pressure was 66 6 15.66 mm Hg, likely attributable to experimentally-induced anxiety. Mean resting CVT was 9.13 6 4.70 (Fig. 2a) , while mean resting CSI was 2.26 6 0.76 (Fig. 2b) . Resting CVT was significantly negatively correlated with resting HR (r 5 20.63, P 5 0.0004). There was no significant association between demographical data, including age or gender, and autonomic parameters including HR, CVT or CSI (Fig. 2, Table I ).
Subcortical Shape Analysis
Sympathethic: Cardiac sympathetic index
Resting CSI significantly positively correlated with outward deformation of the brainstem, right amygdala, right nucleus accumbens and bilateral pallidum nuclei (i.e., outward shape change) (Figs. 3 and 4, Supporting Information Movie 2; thresholded TFCE P < 0.05).
Parasympathtic: Cardiac vagal tone
No significant positive correlations (i.e., outward deformation) between resting CVT and nuclei shape survived correction for multiple comparisons. Contrasting to sympathetic analyses, however, resting CVT negatively correlated with inward deformation of the right amygdala and right pallidum (i.e., inward shape change of these two nuclei; Figs. 3 and 5, Supporting Information Movie 2; thresholded TFCE P < 0.05).
Subcortical Volumetric Analysis
First, to test the null hypothesis that volumes would not significantly differ between left or right sided subcortical nuclei, paired student's two-tailed t tests were performed to test for side differences. No significant differences were found between left and right sided nuclei volumes (all P values greater than 0.73). Furthermore, there was no association of CVT/CSI on total brain or total gray matter volumes (data not shown). Resting CVT was significantly positively correlated with the volume of the left and right putamen (r 5 0.62, P 5 0.0047 and r 50.59, P 5 0.008, respectively). In addition, total brainstem volume positively correlated with resting CVT, albeit loosely so (r 5 0.46, P 5 0.049) (Fig. 6) . In contrast, no significant correlation was observed between resting CSI and subcortical nuclei volume.
DISCUSSION
Association of Subcortical Nuclei Shape and Resting Autonomic Activity
We have identified multiple subcortical nuclei whose shape deformation is significantly associated with differences in baseline autonomic indices. We have for the first time demonstrated that resting CSI positively correlates with outward deformation of the brainstem, right amygdala, right nucleus accumbens and bilateral pallidum, while resting CVT negatively correlates with inward deformation to the shape of the right pallidum and amygdala.
Several previous studies have documented the role of subcortical brain regions in autonomic function, and the modulation and maintenance of SNS tone has previously been associated with the brainstem, amygdala, nucleus accumbens and pallidum. An interesting study using a double-virus transneuronal labelling technique in Sprague Dawley rats, demonstrated that sympathetic neurons are localized to brainstem regions [Jansen et al., 1995] . Studies in rabbits and rats using regional cutaneous vascular flow, as a surrogate for sympathetic activity, demonstrated that neuronal blockade of the amygdala attenuated cutaneous vasoconstriction, thereby highlighting the importance of the amygdala in the sympathetic pathway [Blessing, 2003] . Nalivaiko et al. have shown in animal models that the sympathetic-specific vasomotor response to electrical stimulation transverses through the amygdala and brainstem (raphe/parapyramidal neurons) to the peripheral target, as muscimol blockage at the raphe level abolished the cutaneous vascular response otherwise observed from amygdala stimulation [Nalivaiko and Blessing, 2001] . Furthermore, the function of dopamine efferent neurons of the nucleus accumbens includes the modulation of sympathetic innervation in peripheral tissues [Saurer et al., 2008] , and a role for the pallidum in modulating sympathetic-induced salivary secretion has been demonstrated [Pazo et al., 1981] . In summary, previous studies support the notion that subcortical brain regions are implicated in SNS function, and our novel morphological data herein adds weight to this.
Previous studies investigating both structural and functional brain differences associated with parasympathetic activity have largely implicated cortical regions, such as the anterior cingulate cortex (ACC) [Kano et al., 2014; Winkelmann et al., 2016] . However, the ACC has been associated with many processes (see http://neurosynth.org/ analyses/terms/acc/) and, therefore, its role in modulating PNS function is unlikely to be specific [Yarkoni et al., 2011] . Subcortical brain regions are also implicated in modulating PNS function, and the amygdala and pallidum have both previously been associated with core parasympathetic tone, albeit for disparate autonomic functions including metabolism, reward, emotion and motor response [Allen et al., 2015; Critchley, 2005; Critchley and Harrison, 2013; Hawksley et al., 2015; Macefield, 2009; McDougall et al., 2014; Novac and Bota, 2014; Park and Thayer, 2014; Su et al., 2015; Tanaka et al., 2016] . We have demonstrated that the amygdala and pallidum differ in shape depending on an individual's resting CVT. However, it remains uncertain whether subcortical morphology influences baseline autonomic tone, or whether the converse is true. It would, therefore, be premature to infer a direction of causality based upon our current findings.
In the context of disease, this study provides interesting insight. It has for some time been known that autonomic tone is perturbed in various neurological disorders. A key example includes that of ischaemic stroke, whereby numerous studies have shown a consequential disturbance in autonomic tone [Dutsch et al., 2007; M€ akikallio, 2005; Palamarchuk et al., 2013] . Importantly, lacunar infarct strokes of subcortical regions such as the basal ganglia are associated with alteration to autonomic function [Dutsch et al., 2007] . These observations, therefore, support our Specific localization of significant deformation changes associated with resting cardiac sympathetic index. Figure displaying specific areas of nuclei shape variation, depending on resting CSI. Only nuclei which survive statistical correction with multiple comparisons are displayed, and are that of the brainstem, right amygdala, right NAc and bilateral pallidum. Of note, all significant shape changes are that of outward deformation (outward shape change) with rising CSI. Multiple views are displayed, and are signified across columns (superior, inferior, anterior, posterior, left, right). Three-dimensional brain template is provided for simplification of the given view. Subcortical nuclei are displayed with standard color scale. Color bar indicates t value from the given contrast, where blue indicates areas of higher significance and red areas of less significance. Arrows indicate the direction of shape deformation. Abbreviations: Ant, anterior; Amyg, amygdala; BrStem, brainstem; CSI, cardiac sympathetic index; Inf, inferior; L, left; NAc, nucleus accumbens; Pall, pallidum; Post, posterior; R, right; Sup, superior. [Color figure can be viewed at wileyonlinelibrary.com] r Subcortical Morphology & Autonomic Function r r 387 r data that these specific brain regions have an important role in autonomic regulation.
An additional aspect that makes our study unique is that most previous studies investigating brain structure and resting PNS tone solely investigated the total volume of specific regions. While this method has been utilized in structural neuroimaging for some time and has indeed produced many interesting results, including those reported by [Winkelmann et al., 2016] , the concept that regional structures are reducible to a single volume to correlate with a dynamic variable such as PNS or SNS tone is likely to represent an oversimplification. We suggest that one step to overcome this limitation is the advent of shape or vertex-wise analysis, which may offer greater insights into how specific structural disparities may link with physiological function. For instance, while volumetric brain differences may not be apparent when investigating a link with a given physiological variable, this may be due to combinations of inward and outward deformation changes that, when combined, nullify the result to a nonsignificant volume difference. This may thus limit our understanding of human physiology and brain structure and function.
Putmamen Volume Positivelty Correlates with Resting Vagal Tone
In our study, bilateral putamen volume was positively correlated with resting CVT, a region of the basal ganglia previously implicated in autonomic dysfunction such as that observed in Parkinson's disease [DeLong and Wichmann, 2007] . For example, common 'non-motor' symptoms of Parkinson's disease include: (i) autonomic disturbances including perturbed gastrointestinal motility, abnormalities in cardiac, urogenital, sudomotor, thermoregulatory, sleep and respiratory regulation; and (ii) visceral pain, for which the vagal nerve holds a critical role [Mulak and Bonaz, 2015] . Furthermore, a recent study in patients with obstructive sleep apnoea (OSA) provides an interesting example of autonomic function being associated with putamen volume [Kumar et al., 2014] . Specifically, global putamen volumes were reported to be higher in OSA patients compared to controls, but local volume analysis revealed additional areas of lower volume, hypothesised by the authors to in-part contribute to the apparent perturbation in autonomic function in OSA patients. This methodology is comparable to the vertex analyses we report, in that while a nucleus may have an overall positive correlation with a given variable, there may in fact be small areas of this structure that negatively correlates with it. This highlights the importance of specific regional neuroimaging analyses, since additional important findings may otherwise be missed (such as the low volume areas in OSA patients reported by [Kumar et al., 2014] ). Furthermore, previous studies have described projections of the vagus nerve to the basal ganglia, using both functional MRI [Frangos et al., 2015] and dopaminergic chromatography [Ziomber et al., 2012] . Nevertheless, our study is the first to illustrate an association between putamen volume and resting vagal tone in healthy controls. Coalescence of our shape and volume analysis findings with data from previous studies supports the proposition that basal ganglia nuclei, in particular the putamen and pallidum, are associated with PNS function [Pazo and Belforte, 2002] .
LIMITATIONS
This study is not without limitations. First, our sample size is relatively small, thereby reducing statistical power for complex analysis. However, a vast number of confounds of brain structure and resting autonomic tone have been either excluded (including anxiety, depression, hormonal factors, alcohol, caffeine and time of day) or have been included as covariates (gender and age) in the analysis. Therefore, even with this sample size, statistically robust results have been obtained illustrating the effect of resting CSI and CVT on subcortical nuclei shape. Second, it is possible that additional confounds of resting autonomic tone have not been screened or co-varied for. However, a large number of exclusion criteria and demographic covariates were added, all of which were chosen a priori from our previous autonomic research [Farmer et al., 2013a [Farmer et al., , 2014a , such that it is anticipated that the majority of basic individual demographical and Putamen volume is highly correlated with resting cardiac vagal tone. Volumetric analyses were also performed of the segmented subcortical brain regions for all subjects. This outputs a single volumetric reading in mm 3 . Figure displays nuclei volume for both (a) left and (b) right sided subcortical nuclei, and their correlation to resting CVT. Correlative r values are denoted at the right of the figure, in addition to their degree of significance as per conventional asterisks; * equates to P < 0.05; ** equates to P < 0.01. Volumes were z-scored so as to adjust for the disparity in size between the different nuclei for graph visualization purposes. Brain regions are similarly color coded for simplicity as in all other figures and supplementary videos. Of note, we report strong positive correlations between the volume of both the left and right putamen to resting vagal tone, but in addition a weak correlation with total brainstem volume. Left caudate and thalamic correlations were highly similar, thus, a disparate line overlay has been used for ease of viewing. No brain regions display significant correlations of CSI to subcortical brain volumes. Abbreviations: L, left; NAc, nucleus accumbens; R, right.
[Color figure can be viewed at wileyonlinelibrary.com] psychophysiological parameters are accounted for. Thirdly, the Bayesian Appearance Model analytical package used in its current form does not permit evaluation of the insula cortex for deformation changes contingent on a given variable [Patenaude et al., 2011] . Future studies should interrogate the insula cortex for structural changes correlative to resting autonomics. Lastly, this study was not designed to provide definitive evidence regarding causality of the observed association. While we have observed a clear association between autonomic tone and brain structure, what remains unclear is as to whether subcortical shape 'shapes' autonomic tone, or rather the converse. This limitation warrants further study.
IMPLICATIONS FOR FUTURE STUDIES AND CONCLUSIONS
Arguably, one of the most inherent limitations of neuroimaging techniques are the effects of interindividual variability and therefore it is not surprising that there exists a considerable research effort aiming to delineate these factors [Coen et al., 2011; Farmer et al., 2013a; Omran and Aziz, 2014; Ruffle et al., 2015b] . The putative factors proposed to account for this variability include, but are not limited to, demographic aspects and psychophysiological factors including not only personality traits [Coen et al., 2011; Ruffle et al., 2015b] , but also more complex multifactorial endophenotypes for stress-events such as visceral pain [Farmer et al., 2013a; Tracey, 2011] . The identification of brain regions whose shape or volume is influenced by resting autonomic function supports the identification of resting autonomic activity as a further factor that, where available, should be controlled for. Importantly, it is also possible that autonomic differences have indeed contributed to, or even confounded, many previous findings. For example, a large proportion of neuroimaging studies that investigate either brain structure or function compare disease states characterised by chronic pain, such as IBS and fibromyalgia, and duly compare findings to those in healthy controls. Notably, IBS and fibromyalgia have both been associated with perturbations in autonomic function [Mazurak et al., 2012; Ruffle et al., 2015a; Spaziani et al., 2008] . Furthermore, Farmer et al., have previously demonstrated that differences in both baseline and postpain autonomic function influence brain activation to visceral pain [Farmer et al., 2013a,b] . However, very few (if any) neuroimaging studies to date that have investigated or controlled for differences in baseline autonomic activity between groups.
In conclusion, our study provides novel evidence that resting autonomic state, by means of CSI and CVT measurement, is associated with differences in the shape or volume of subcortical nuclei. Given that perturbations in autonomic function occur in many disorders in which brain morphology is studied and abnormalities identified, it is, therefore, arguable that some of these morphological changes may be consequential to the disturbance in autonomic function associated with these disorders, or may at least be confounded by it. Resting autonomic tone should be controlled for as a covariate in future studies. Our data warrants further exploration in clinical cohorts and may provide further insights into the pathophysiology of disorders characterised by autonomic dysfunction.
